Measurements on the dielectric properties of 1 and 2 show an apparent dielectric response. Interestingly, the dielectric constants can be increased under an applied magnetic field.
Introduction
Multiferroic materials, a family of recently emerged complexes which display both magnetic and ferroelectric ordering, have attracted signicant research attention due to their promising applications in many electronic devices such as storage elements, sensors, etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Metal organic frameworks (MOFs) containing guest molecules or cations can be an excellent choice in the seeking of multiferroic materials. A typical class of these MOFs structurally resembles perovskite ABO 3 -type materials. [1] [2] [3] [4] [5] [6] Among this family of MOFs, metal formate frameworks are particularly interested since the HCOO À ion can mediate the ferro-or antiferromagnetic coupling between metal ions due to its small size. Their structures can be formulated as [{guest molecule or cation} {(metal ion)(formate) 3 }] and simplied as [guest] [M(HCOO) 3 ].
14-21
Many of these metal formate frameworks have been discovered with interesting magnetic properties and rich ferroelectricity. Xiong et al. investigated the deuteration effect in the system of PDDMACoF, where PD-DMA ¼ perdeuterodimethylammonium. This complex was observed with second harmonic generation (SHG) effect below 151 K, magnetic hysteresis at 5 K and a rst reported phase transition above room temperature at 319 K. 22 Though the system of [guest] [M(HCOO) 3 ] frameworks with M ¼ divalent cation has been extensively studied, the diversity in heterometallic and mixed-valence formate is still waiting to be discovered.
Several years ago, a mixed-valence iron(III)-iron(II) formate ([DMFeFe]) was discovered, which exhibits temperature compensation behaviour as Néel N-type ferrimagnet. 23, 24 DMFeFe crystallizes in the niccolite type structure with the disordered cations located in the cages of the network. Following such work, Bu et al. reported rare asymmetric magnetization reversal in hysteresis loop in the same DMFeFe complex. 17 Moreover, some complexes with ABO 3 -type perovskite structure as well as chiral-and niccolite-type structures display sequential structural phase transitions, which give insight on application prospects of this family of complexes. 2, 12, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] On the other hand, dielectricity can be a quite important property of the complexes but only a few studies on the dielectricity for these mixed-valence formate frameworks were reported. [30] [31] [32] [33] Materials with high dielectric constant greater than that of silicon nitride (3 0 > 7) are excellent choices for high performance capacitors and insulators and still require further investigation.
39,40
Herein 
Experimental

Materials and instrumentation
All chemicals were commercially available and used as received without further purication. The C, H, N microanalyses were carried out with a PE 2400 series II elemental analyzer. The FT-IR spectra was recorded from KBr pellets in the range of 4000-500 cm À1 on a PE spectrum one FT-IR spectrometer. The metal ions were calculated with the molar ratio which could be proved by Optima 5300 DV ICP-OES system. Dielectric permittivity measurements were collected on Broad Band Dielectric Spectrometer. The diameter of sample pellets for dielectric measurement is 6 mm and the thickness is 0.5 mm. The crystal structure was determined by single-crystal X-ray diffraction and using SHELXS-97, SHELXL-97 soware for structure solution and renement, correspondingly. The data of magnetic properties for crystalline samples was collected on a Quantum Design MPMS-XL 7 superconducting quantum interference device (SQUID) magnetometer. Raw frame data was integrated with the SAINT program. The structures were solved by direct methods using SHELXS-97 (ref. 41 ) and rened by full-matrix least-squares on F 2 using SHELXS-
97
. 42 An empirical absorption correction was applied with the program SADABS. 43 All non-hydrogen atoms were rened anisotropically. All hydrogen atoms were positioned geometrically and rened as riding. Calculations and graphics were performed with SHELXTL. 42 The crystallographic details are provided in Table 1 . Selected bond distances and angles for 1 and 2 are listed in Tables S1 and S2. † Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallographic Data Center (CCDC reference numbers: 1536009(1) and 1539328(2)).
Results and discussion
Description of crystal structure
Single-crystal X-ray structure analysis reveals that complex 1 crystallized in the trigonal space group P 31c, as observed in many other metal formate series, 17,18 which contains one unique h 2 -formate anion that bridges two metal ions Cr III and Fe II to form a framework (Fig. 1a) . The framework is similar to structures of niccolite NiAs and colquiriite Li-CaAlF 6 . 44 The metal ions are all in octahedral environment coordinated by six oxygen atoms from six formate anions. The two inhomogeneous metal atoms in the asymmetric unit were distinguished by the bond lengths. (Fig. 1b) , while the Cr1 node is in a spatial arrangement of trigonal prism (Fig. 1c) . The framework is composed of waved sheets linked by intersheet formate bridges 
Magnetic studies
The plots of the temperature dependence of the magnetic susceptibilities of 1 and 2, measured under applied magnetic elds of 2000 Oe, are shown in Fig. 2 in the form of c M T. The c M T values at 300 K are 5.95 (1) and 3.08 cm
respectively. Among them, the c M T value of the complex 2 was slightly higher than the spin-only value 2.875 cm
However, the c M T value of complex 1 is much larger than the spin-only value 4.875 cm 3 K mol À1 of spin-only chromium(III) (S ¼ 3/2, g ¼ 2) and the isolated high-spin iron(II) (S ¼ 2, g ¼ 2) with the orbital degeneracy and spin-orbit coupling effects contribute of the octahedral high-spin iron(II).
14,15
The temperature dependence of reciprocal susceptibility c M
À1
above 60 K follows the Curie-Weiss law [c ¼ C/(T À q)] (Fig. S1 and S2, ESI †), giving Curie (cm
)/Weiss (K) constants of: 5.98/0.33 (1) and 3.02/25.13 (2) , without considering the spinorbit coupling contribution. The Curie constants can derive Land g factors of 2.22 and 2.04 for 1 and 2, respectively. The g factor of 2 is in good agreement with isotropic Ni 2+ , [14] [15] [16] while that of 1 is slightly larger just for the spin-orbit coupling effect of the high spin Fe 2+ . 14, 15 The signicant positive Weiss constants show ferromagnetic exchange interactions between the nearestneighbor metal ions, and this is expected for an anti-anti mode of coordination by the formate bridges.
17,18,47
The shape of two curves is similar but there are some differences between 1 and 2 due to the different metal ions. For 1, c M T value rst slowly increases from 300 K to 70 K, then rapidly increases to the maximum of 55.68 cm 3 value is much larger than that of 1 although the spin of carriers in 2 is lower than in 1, indicating complex 2 generates the larger magnetized domain. In the low-temperature region, the c M T values of the two complexes rise up quickly to maxima, and nally go down upon cooling, thus suggesting the presence of spontaneous magnetization due to the magnetic long-range ordering (LRO). The sequence of the magnetic-ordering temperature is 1 < 2. All these observations are similar to the known metalformate perovskites. 17, 18 To conrm the conclusion above for the two complexes, we further measured the zero-eld-cooling (zfc) and eld-cooling (fc) magnetizations under a low magnetic eld (Fig. 3) , alternating current (ac) susceptibilities at 10 Hz for 1, 1000 Hz for 2 (Fig. 4) , and isothermal magnetizations ( Fig. 5 and S3 †) . Under 1 Oe eld (Fig. 3) , the two curves of zfc/fc are superposed at higher temperatures. They increase abruptly and then diverge indicating long-range magnetic ordering. The ordered temperatures, determined by the positions of the negative peak on the derivative dM/dT (M ¼ magnetization) of fc data, are 15.26 (1) and 20.93 K (2).
The temperature dependences of the ac susceptibilities obtained under zero direct current (dc) eld (Fig. 4) for the two complexes. They all display peaks in both the in-phase (c 0 ) and out-of-phase (c 00 ) responses. Frequency-independent peak in c 00 were observed at 15.50 K for 1. Complex 2 displays the weak ac responses but frequency-independent peak for c 00 at 21.00 K was clear. Therefore, the ac studies conrmed the LRO of ferromagnetism of the two complexes. The isothermal magnetizations at 2.0 K for 1 and 2 ( Fig. 5  and S3 ) have been measured. Only 1 displays hysteresis loop with H c /M r being 2.77 kOe/2.83 Nm B . In complex 1, the magnetization sharply increases to 3.33 Nm B in 8.42 kOe, and then slowly climbs up to 4.72 Nm B in 70 kOe. Obviously, the magnetization does not reach saturation of g(S Fe + S Cr ) ¼ 2 Â (2 + 3/2) ¼ 7 Nm B even not considering the orbital contribution. According to the shape of curve, it is believed that there exists the strong magnetic anisotropy. Regrettably, we did not obtain the big enough single crystals for the physical measurement. Complex 2 is easier to be magnetized than 1. In low eld, the magnetization of 1 suddenly increases and is immediately saturated at 4.91 Nm B in 6.0 kOe. Above this eld, the magnetization almost keeps a constant, which is equal to the ferromagnetic spin ground state with g(S Ni + S Cr )
To Moreover, it should be noted that the ordering temperature of 2 containing nickel ions (20.93 K) is slightly higher than the ordering temperatures of some related complexes with two magnetic sublattices, which is mainly due to the slightly strong coupling interaction and is consistent with molecular eld theory.
Dielectric properties
Dielectric permittivity of 1 and 2 with and without an external magnetic eld were measured using the sample obtained by tableting and depicted in Fig. 6 , 7, S4 and S5, † where the complex dielectric constant 3 ¼ 3 0 À i3 00 , and 3 0 and 3 00 are the real and imaginary parts of 3. The model of the measurements under an applied magnetic eld is shown in Fig. S6 . † For 1 without eld, the real component 3 0 of permittivity (Fig. 6 ) exhibits a step-like increase from 146 K to 214 K and the broad step-like maximum shis to higher temperatures with increasing frequency. These phenomena are consistent with the temperature-dependent IR spectra of complex 1 (Fig. S7 †) and similar to the spectra of chromium analogs, 27 so can be attributed to the polarization of disordered DMA + . The changes are observed for the bands appear in the region 3060-3145 cm À1 resulting from the N-H stretching modes and the weak bands in the 1431-1469 cm À1 range from the d (CH 3 ) modes. 31, 48 From 20 kHz to 1 MHz, the characteristic relaxor behavior of the dielectric permittivity can be observed with a relaxation of Fig. 3 The zfc/fc plots of the two complexes under 1 Oe field. approximately 70 K. Applied a magnetic eld, the shape of the 3 0 curves is not changed. Interestingly, the dielectric constant values are totally increased. The stronger the magnetic eld, the larger the dielectric constant values (Fig. 6) . We have searched for the interpretation of this kind of behavior in reference, but there is no any report about it until now. 3, 49 In our opinion, it may be a new physical phenomenon. The mechanism should be much complicated but it still urges us to give a tentative analysis. To the best of our knowledge, the cases that the magnetic eld affect charges include three possibilities, Lorenian force, slight change of structure for paramagnetic complexes and Hall effect.
A dielectric material is an electrical insulator so the electric charges cannot ow through the material when an electric eld is applied. However, the electric charges can still shi from their original positions and form an electric double layer, named as polarization. During the dielectric relaxation, a displacement current produced. When a perpendicular magnetic eld is applied, the moving electric charges will be strongly affected by the Lorenian force. However, we applied a parallel magnetic eld to the electric eld for the measurement, so the electrons within material were not affected by Lorenian force, which do not provide the contribution for the enrichment of charges in the electric double layer. Except the electrons within material, the space charges can usually increase the ferroelectric polarization or dielectric constants and are inuenced by magnetic eld. The space charge depends on the non-homogeneous media with such as crystal boundary, phase boundary, lattice distortion, and so on. But, the space charge appears in the low-frequency region, which is inconsistent with the results in Fig. 6 and 7 . We cannot gure out the relation between space charge and magnetic eld, namely, the magnetic eld cannot increase the number of space charge.
The second reason is that the paramagnetic ions may shi under magnetic eld. Complex 1 shows a quite rigid 3D structure and the applied eld is not strong enough. We exclude this possibility in this experimental and it is regrettable that there is no such instrument at present internationally for measuring the single crystal structure under a magnetic eld.
The third one is Hall effect, which is a phenomenon that electric current of materials is strongly related to the external magnetic eld. Perpendicular to both directions of current and magnetic eld, the Hall current will produce and possibly enriches the electric charge in its perpendicular direction. Similarly, we did not apply two perpendicular electric and magnetic elds. However, we noted that the applied magnetic eld is very low and not uniform, which may leads to a component of magnetic lines of force perpendicular to the current direction further increase the enrichment of electric charge. According to our analyses, it will be a challenging work for illuminating above behavior. The corresponding investigations are in progress in our group on the factors about magnitude and direction of magnetic eld.
For 2, the similar dielectric response (Fig. 7) was observed with the step-like increase from 149 K to 223 K and the relaxation of 75 K. Also similarly, an external magnetic eld induced 
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This journal is © The Royal Society of Chemistry 2017 the increase of the dielectric constants as shown in Fig. 7 . We suggest that the phenomenon of magnetic eld-induced dielectric properties may be ubiquitous in the dielectric materials but not only in multiferroics with both ferromagnet and ferroelectric.
At the same time, the frequency dependence of the imaginary permittivity has been discussed ( Fig. S8 and S9 †) . The 3 00 exhibits one relaxation peak characteristic of dipolar relaxation. The relaxation peaks shied towards higher frequencies with increasing temperature. The imaginary part 3 00 as a function of alternating-current (ac) frequency exhibits a broad peak in the high frequencies just where the 3 0 drops most steeply. This behavior is characteristic of a Debye-like dielectric relaxation, in which the reorientation of dipoles cannot respond to the applied ac electric eld when high frequency exceeds a relaxation rate 1/s (where s is the relaxation time) and it can be expressed as function (1) . This characteristic also can be seen in the disorder-order-type complexes, such as NaNO 2 and nitric acid glycine.
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The temperature dependence of resulted relaxation times in the case of external eld and no eld ( Fig. 8 and S10-12 †) were tted to the Arrhenius law of s ¼ s 0 exp(E a /k B T), the activity energy E a and relaxation time s 0 are calculated to be 0.0163 eV, 1.47 Â 10 À13 s and 0.0182 eV, 5.60 Â 10 À14 s for 1 and 2,
respectively. Under an applied magnetic eld of 1020 G, 2200 G and 3500 G, the activity energy E a and relaxation time s 0 for 1 and 2 are listed in the Table 2 . From the activity energy E a and relaxation time s 0 , we can see the relaxation of complexes 1 and 2 is similar but with the slight difference. Under a magnetic eld, E a of complexes 1 and 2 become smaller and s 0 become longer. The stronger the magnetic eld, the lower the activation energy and the longer the relaxation time, which shows that an applied magnetic eld has a certain effect on the relaxation behavior of the complexes. The relaxational mechanisms can be justied by the information of 3 00 (3 0 ) data (Fig. S13 †) and the relaxational process is consistent with characteristic behavior of the dielectric permittivity in Fig. 6 With the increase of magnetic eld, the larger the dielectric constants. We provide three possible reasons leading to this kind of phenomenon, further research will be focused on studying the origin of the magnetic eld-induced dielectric properties or the possible magnetoelectric effects.
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